We give a short review of the quark-meson coupling (QMC) model, the quark-based model of finite nuclei and hadron interactions in a nuclear medium, highlighting on the relationship with the Skyrme effective nuclear forces. The model is based on a mean field description of nonoverlapping nucleon MIT bags bound by the selfconsistent exchange of Lorentz-scalar-isoscalar, Lorentz-vector-isoscalar, and Lorentz-vector-isovector meson fields directly coupled to the light quarks up and down. In conventional nuclear physics the Skyrme effective forces are very popular, but, there is no satisfactory interpretation of the parameters appearing in the Skyrme forces. Comparing a many-body Hamiltonian generated by the QMC model in the zero-range limit with that of the Skyrme force, it is possible to obtain a remarkable agreement between the Skyrme force and the QMC effective interaction. Furthermore, it is shown that 3-body and higher order N-body forces are naturally included in the QMC-generated effective interaction.
I. INTRODUCTION
This article intends to give a short review of the quark-meson coupling (QMC) model [1] , the quarkbased model of finite nuclei and hadron properties in a nuclear medium. Aside from the model basics, we highlight on the relationship with the Skyrme effective nuclear forces. (For detailed reviews of the QMC model, see Refs. [2] [3] [4] .) The QMC model has been successfully applied to various studies of the properties of finite (hyper)nuclei [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] , hadron properties in a nuclear medium [15] [16] [17] [18] [19] [20] , reactions involving nuclear targets [21] [22] [23] [24] [25] [26] [27] [28] [29] , and neutron star structure [30] [31] [32] . Self-consistent exchange of Lorentzscalar-isoscalar (σ), Lorentz-vector-isoscalar (ω), and Lorentz-vector-isovector (ρ) mean fields directly coupled only to the light quarks up and down, is the key feature of the model for achieving the novel saturation properties of nuclear matter, despite of its simplicity. All the relevant coupling constants for the σlight-quarks, ω-light-quarks, and ρ-light-quarks in any hadrons, are the same as those in nucleon, and they are fixed/constrained by the nuclear matter saturation properties. The physics behind this picture is the fact that the light-quark chiral condensates change faster than those of the strange and heavier quarks as nuclear density increases. The light-quark chiral condensates are the order parameters for chiral symmetry in QCD, and change in their magnitudes are one of the most important driving forces for partial restoration of chiral symmetry in a nuclear medium. This is modeled in the QMC model by the approximation that the σ, ω, and ρ fields couple directly only to the light quarks.
II. FINITE NUCLEUS IN THE QMC MODEL
The description below is based on Refs. [2, 3, 33] . Although a Hartree-Fock treatment is possible within the QMC model [34] , the main features of the results, especially the density dependence of nuclear matter energy density, is nearly identical to that of the Hartree approximation. Then, it is sufficient to discuss the Hartree approximation. (See e.g., Ref. [31] for a neutron star structure studied by the Hartree-Fock approximation in the QMC model.)
Before explaining nuclear matter in the QMC model, we start with a finite nucleus. Using the Born-Oppenheimer approximation, a relativistic Lagrangian density, which gives the same mean-field equations of motion for a finite (hyper)nucleus, is given [2, 3, 9] below, where the quasi-particles moving in singleparticle orbits are three-quark clusters with the quantum numbers of a nucleon, strange, charm or bottom hyperon when expanded to the same order in velocity [5, 6, 9, 12, 14, 20] :
For a normal nucleus, L Y QMC in Eq. (1), namely Eq. (3) is not needed. In the above ψ N (ì r) and ψ Y (ì r) are respectively the nucleon and hyperon (strange, charm or bottom baryon) fields. The mean-meson fields represented by, σ, ω and b, which directly couple to the light quarks self-consistently, are the Lorentz-scalarisoscalar, Lorentz-vector-isoscalar and the third component of Lorentz-vector-isovector fields, respectively, while A stands for the Coulomb field. They are defined by the mean expectations by,
In the approximation that the σ, ω and ρ fields couple only to the u and d light quarks, the coupling constants for the hyperon appearing in Eq. (3) are obtained/identified as g Y ω = (n q /3)g ω , and g Y ρ ≡ g ρ = g q ρ , with n q being the total number of valence light quarks in the hyperon Y , where g ω = 3g
q ω and g ρ are the ω-N and ρ-N coupling constants. I Y 3 and Q Y are the third component of the hyperon isospin operator and its electric charge in units of the positron charge, e, respectively.
The field dependent σ-N and σ-Y coupling strengths respectively for the nucleon N and hyperon Y , g N σ (σ) and g Y σ (σ), are implicitly in Eqs. (2) and (3), and defined by
where m N (m Y ) is the free nucleon (hyperon) mass. The dependence of these coupling strengths on the applied scalar field (σ) must be calculated self-consistently within the quark model [1, 5, 9, 12, 13, 20] . Hence, unlike quantum hadrodynamics (QHD) [36, 37] , even though g Y σ (σ)/g N σ (σ) may be 2/3 or 1/3 depending on the number of light quarks n q in the hyperon in free space, σ = 0 (even this is true only when their bag radii in free space are exactly equal in the QMC model using the MIT bag), this will not necessarily be the case in a nuclear medium. We define g N,Y σ ≡ g N,Y σ (σ = 0) for later convenience. Note that, we will write explicitly the σ dependence as g N,Y σ (σ). Therefore, without the σ dependence, g N,Y σ are the coupling constants when σ = 0 in this article. (The explicit expression will be given by Eq. (13) .)
The Lagrangian density Eq. (1) [or Eqs. (2) and (3)] leads [lead] to a set of equations of motion for the finite (hyper)nuclear system:
, ρ p (ì r) and ρ n (ì r) are the nucleon (hyperon) scalar, nucleon (hyperon) baryon, third component of isovector, proton and neutron densities at the position ì r in the (hyper)nucleus. Notice that the terms on the right hand side of Eq.
At the hadronic level, the entire information of the quark dynamics is condensed in the effective couplings C N,Y (σ) of Eq. (8), which characterize the features of the QMC model, namely, the scalar polarisability. Furthermore, when C N,Y (σ) = 1, which correspond to a structureless nucleon or hyperon, the equations of motion given by Eqs. (6)-(11) can be identified with those derived from naive QHD [36, 37] .
The effective mass of hadron h (in the present case nucleon and hyperon), will be calculated by Eq. (25) . The explicit expressions for C N,
where g q σ is the light-quark-σ coupling constant, and ψ q is the light-quark wave function in the nucleon N or hyperon Y immersed in a nuclear medium. By the above relation, we define explicitly the σ-N and σ-Y coupling constants:
Note that, the right hand side of Eq. (12) is the quark scalar charge, which is Lorentz scalar, and thus the lefthand-side of Eq. (12) is Lorentz scalar, and thus m * N (σ) as well. Furthermore, the values of S N (σ) and S Y (σ) are different, because the light-quark wave functions in the nucleon N and hyperon Y are different in vacuum as well as in medium, because the bag radii of the N and Y are different in each case. Since the light quarks in the other hadrons feel the same scalar and vector mean fields as those in the nucleon, we can systematically study the hadron properties in medium without introducing any new coupling constants for the σ, ω, and ρ fields for different hadrons.
The parameters appearing at the nucleon, hyperon and meson Lagrangian level are m ω = 783 MeV, m ρ = 770 MeV, m σ = 550 MeV and e 2 /4π = 1/137.036 [5, 6] . (See Ref. [6] for a discussion on the parameter fixing in the QMC model, in treating finite nuclei.)
III. BARYON PROPERTIES IN A NUCLEAR MEDIUM
We consider the rest frame of infinitely large, symmetric nuclear matter, a spin and isospin saturated system with only strong interaction (Coulomb force is dropped as usual). One first keeps only L N QMC in Eq. (1), or correspondingly drops all the quantities with the super-and sub-scripts Y, and sets the Coulomb field A(ì r) = 0 in Eqs. (6)- (11) . Next one sets all the terms with any derivatives of the fields to be zero. Then, within the Hartree mean-field approximation, the nuclear (baryon) ρ B and scalar ρ s densities with the nucleon Fermi momentum k F are respectively given by,
Here, m * N (σ) is the value (constant) of the effective nucleon mass at a given nuclear density. In the standard QMC model [1] , the MIT bag model is used for describing nucleons and hyperons (hadrons). The use of this quark model is an essential ingredient for the QMC model, namely the use of the relativistic, confined quarks.
The Dirac equations for the quarks and antiquarks with the effective light-quark masses m * q (to be defined below) in nuclear matter in a bag of a hadron h, with q = u or d, and Q = s, c or b, neglecting the Coulomb force are given by [16, [18] [19] [20] [21] ,
where, m * q = m q − V q σ , and the (constant) mean fields for a bag in nuclear matter are defined by
q ω and g q ρ being the corresponding quark-meson coupling constants. We assume SU (2) 
Since the ρ-meson mean field becomes zero, V q ρ = 0 in Eqs. (16) and (17) in symmetric nuclear matter in the Hartree approximation, we will ignore it. (This is not true in a finite nucleus with equal and more than two protons even with equal numbers of protons and neutrons, since the Coulomb interactions among the protons induce an asymmetry between the proton and neutron density distributions to give
The same meson-mean fields σ and ω for the quarks in Eqs. (16) and (17), satisfy self-consistently the following equations at the nucleon level, together with the effective nucleon mass m * N (σ) of Eq. (4) to be calculated by Eq. (25):
(See Eq. (12) for C N (σ).) Because of the underlying quark structure of the nucleon to calculate m * N (σ) in nuclear medium, C N (σ) decreases as σ increases, whereas in the usual point-like nucleon-based models it is constant, C N (σ) = 1. As will be discussed later it can be parametrized in the QMC model as
. It is this variation of C N (σ) (or equivalently dependence of the scalar coupling on density, or σ as g N σ (σ)) that yields a novel saturation mechanism for nuclear matter in the QMC model, and contains the important dynamics originating from the quark structure of nucleons and hadrons. It is also the variation of this C N (σ), that induces 3body and higher order N-body forces [35] . (This issue will be discussed separately in the next section.) As a consequence of the derived, nonlinear couplings of the meson fields in the Lagrangian density at the nucleon (hyperon) and meson level, the standard QMC model yields the nuclear incompressibility of K ≃ 280 MeV. This is in contrast to a naive version of QHD [36, 37] (the point-like nucleon model of nuclear matter), which results in the much larger value, K ≃ 500 MeV; the empirically extracted value falls in the range K = 200−300 MeV. (See Ref. [39] for an extensive analysis on this issue.) Once the self-consistency equation for the σ field Eq. (20) is solved, one can evaluate the total energy of symmetric nuclear matter per nucleon:
We then determine the coupling constants, g N σ and g ω at the nucleon level (see also Eq. (13)), by the fit to the binding energy of 15.7 MeV at the saturation density ρ 0 = 0.15 fm −3 for symmetric nuclear matter, as well as g ρ to the symmetry energy of 35 MeV. The determined quark-meson coupling constants, and the current quark mass values used are listed in Table I . The coupling constants at the nucleon level are (g N σ ) 2 /4π = 3.12, g 2 ω /4π = 5.31 and g 2 ρ /4π = 6.93. (See Eq. (13), and recall g ω = 3g
q ω and g ρ = g q ρ .) These values are determined with the standard QMC model inputs at the quark level which will be given later. Let us consider the situation that a hadron h is immersed in nuclear matter. The normalized, static solution for the ground state quarks or antiquarks with flavor f in the hadron h may be written,
, where N f and ψ f (ì r) are the normalization factor and corresponding spin and spatial part of the wave function. The bag radius in medium for the hadron h, denoted by R * h , is determined through the stability condition for the mass of the hadron against the variation of the bag radius [1, 10] (see Eq. (26)). The eigenenergies in units of 1/R * h are given by,
The hadron mass in a nuclear medium, m * h (free mass is denoted by m h ), is calculated for a given baryon density together with the mass stability condition,
where
, and x q,Q are the lowest mode bag eigenvalues. B p is the bag pressure (constant), n q (n q ) and n Q (n Q ) are the lowest mode valence quark (antiquark) numbers for the quark flavors q and Q in the hadron h, respectively, while z h parametrizes the sum of the center-of-mass and gluon fluctuation effects, which are assumed to be density independent [5] . The bag pressure B p = (170 MeV) 4 (density independent) is determined by the free nucleon mass m N = 939 MeV with the bag radius in vacuum R N = 0.8 fm and m q = 5 MeV as inputs (this yields S N (0) = 0.48265 for Eq. (13) ), which are considered to be standard values in the QMC model [2] . (See also Table I.) Concerning the effective light-quark mass m * q in nuclear medium, it reflects nothing but the strength of the attractive scalar potential as in Eqs. (16) and (17), and thus naive interpretation of the mass for a (physical) particle, which is positive, should not be applied. The model parameters are determined to reproduce the corresponding masses in free space. The quark-meson coupling constants, g In connection with the effective baryon masses, it is found that the function C B (σ) (12)), can be parameterized as a linear form in the σ field, g N σ σ, for a practical use [5, 6, 9, 33] :
The values obtained for a B are listed in Table II . This parameterization works well up to about three times the normal nuclear matter density 3ρ 0 . Then, the effective mass of baryons B in nuclear matter is also well approximated up to 3ρ 0 by:
with n q being the valence light-quark number in the baryon B. See Eqs. (4) and (5) to compare with g N,Y (σ) and the above expression. The obtained values of the "slope parameter" a B for various baryons are listed in Table II.   TABLE II. Slope parameter values a B obtained for various baryons [33] . Note that the tiny differences in values of a B from those in Refs. [2, 3] , are due to the differences in the number of data points for evaluating a B , but such differences give negligible effects.
IV. THE QMC MODEL AND CONVENTIONAL NUCLEAR MODELS
In this section we discuss the relationship between the QMC model and a conventional Skyrme effective nuclear force according to Ref. [35] . (For a review including further developments, see Refs. [4, 8, 38, 40] .) The QMC model description was reformulated to describe a nucleus as a many-body problem in a nonrelativistic framework. This allows us to take the limit corresponding to a zero-range force which can be compared with the Skyrme effective forces in conventional nuclear physics [35] .
The classical energy of a nucleon with position (ì r) and momentum ( ì p) is given by [35] ,
where V s.o. is the spin-orbit interaction.
To get the dynamical mass m * N (ì r) one has to solve a quark model of the nucleon (in the present case the MIT bag model) in the field σ(ì r). For the present purpose, it is sufficient to use the approximated relation Eq. (29) with n q = 3 and d = a N and g σ ≡ g N σ hereafter,
where d of the MIT bag model gives d = 0.22R N (in MeV −1 ) with the nucleon bag radius R N (fm) corresponding to Table II with R N = 0.8 fm. The last term, which represents the response of the nucleon to the applied scalar field -the scalar polarizability -is an essential element of the QMC model. From the numerical studies we know that the approximation Eq. (31) is quite accurate at moderate nuclear densities. The energy (30) is for one particular nucleon moving classically in the nuclear meson fields. The total energy of the system is then given by the sum of the energy of each nucleon and the energy carried by the fields [2] :
The expression of E N (ì r) was approximated by neglecting the velocity dependent terms ( ì ∇σ) 2 ,
where we define the classical densities as ρ cl (ì r) =
. This will be the starting point for the many body formulation of the QMC model.
To eliminate the meson fields from the energy, we use the equations, δE t ot /δσ(ì r) = δE t ot /δω(ì r) = 0, and leave a system whose dynamics depends only on the nucleon coordinates. Roughly speaking, since the meson fields should follow the matter density, the typical scale for the ì ∇ operator acting on σ or ω is the thickness of the nuclear surface, that is about 1 fm. Therefore, it seems reasonable that we can consider the second derivative terms acting on the meson fields as perturbations. Then, starting from the lowest order approximation, we solve the equations for the meson fields iteratively, and neglect a small difference between ρ cl s and ρ cl except in the leading term. When inserted into Eq. (34), the series for the meson fields generates N-body forces in the Hamiltonian. To complete the effective Hamiltonian, we now include the effect of the isovector ρ meson as well.
The quantum effective Hamiltonian finally takes the form
, with µ s and µ v being respectively, the nucleon isoscalar and isovector magnetic moments. Here ì r ij = ì r i − ì r j and ì ∇ i is the gradient with respect to ì r i acting on the delta function. In Eq. (35) we have used the notation δ 2 (i j k) for δ(ì r ij )δ(ì r jk ) and analogously for δ 3 (i j kl). Furthermore, we have dropped the contact interactions involving more than 4-bodies because their matrix elements vanish for antisymmetrized states.
To fix the free parameters, G i , the volume and symmetry coefficients of the binding energy per nucleon of infinite nuclear matter, E B /A = a 1 + a 4 (N − Z) 2 /A 2 , are calculated and fitted so as to produce the experimental values. Using the bag model with the radius R N = 0.8 fm and the physical masses for the mesons and m σ = 600 MeV, one gets, in fm 2 , G σ = 11.97, G ω = 8.1 and G ρ = 6.46.
It is now possible to compare the present Hamiltonian with the Skyrme effective interaction. Since, in our formulation, the medium effects are summarized in the 3-and 4-body forces, we consider Skyrme forces of the same type, that is, without density dependent interactions. They are defined by a potential energy of the form 
Furthermore, we restrict our considerations to doubly closed shell nuclei, and assume that one can neglect the difference between the radial wave functions of the single-particle states with j = l + 1/2 and j = l − 1/2. Then, by comparing the Hartree-Fock Hamiltonian obtained from H QMC and that of Ref. [42] corresponding to the Skyrme force, we obtain the relations
We compare in Table III the results with the parameters of the force SkIII [43] , which is considered a good representative of density independent effective interactions. We show the combinations 3t 1 + 5t 2 , which controls the effective mass, and 5t 2 − 9t 1 , which controls the shape of the nuclear surface [42] . From the Table III , one sees that the level of agreement with SkIII is very impressive. An important point is that the spin-orbit strength W 0 comes out with approximately the correct value. The middle column (N=3) shows the results when we switch off the 4-body force. The main change is expected to decrease of the predicted 3-body force. However, this is not the case. If we look at the incompressibility of nuclear matter, K, this decreases by as much as 37 MeV when we restore this 4-body force.
Now one can recognize a remarkable agreement between the phenomenologically successful Skyrme force (SkIII) and the effective interaction corresponding to the QMC model -a result which suggests that the response of nucleon internal structure to the nuclear medium (scalar polarisabilit y) indeed plays a vital role in nuclear structure. We have given a short review on the basics of the quark-meson coupling (QMC) model, a quark-based model of finite nuclei and hadron properties in a nuclear medium. The highlight was on the relationship between the QMC model and a conventional Skyrme effective nuclear force, by reformulating the QMC model in nonrelativistic form and taking the zero-range interaction limit. It was shown that the derived, effective QMC interaction has a remarkable agreement with a successful Skyrme force. Furthermore, it was shown that the QMC-generated effective interaction automatically contains the 3-body and higher order N-body forces. Since the QMC model is based on the quark degrees of freedom, the model enables us to study the properties of finite nuclei and in-medium hadron properties in a very systematic manner.
